Spintronics seeks to functionalize antiferromagnetic materials to develop memory and logic devices operating at terahertz speed and robust against external magnetic field perturbations. To be useful, such functionality needs to be developed in thin film devices. The key functionality of long-distance spin-transport has, however, so far only been reported in bulk single crystal antiferromagnets, while in thin films, transport has so far been limited to a few nanometers.
cyclings. For the appropriate crystalline orientation of the films, spin-transport is achieved in zero applied field across micrometers, as required for integration with devices.
Recently, the focus of spintronics research has been shifting towards utilizing antiferromagnetic materials, with benefits over ferromagnets including terahertz spin dynamics and high stability against applied external magnetic fields 1, 2 . Beyond reading 3, 4 and switching 5, 6 of the antiferromagnetic order, the efficient transport of spin-information has only been demonstrated in a mm thick single crystal of the easy-axis antiferromagnet hematite 7 . However, in thin film antiferromagnets, as required for the development of spintronic devices and back-end integration with current CMOS technologies, spininformation was previously shown to propagate across only a few nanometers in both insulating 8, 9 and metallic 10 antiferromagnets.
Spin-transport in antiferromagnetic insulators occurs through the excitation of the magnetic order, and the propagation of spin-waves, also known as magnons. Antiferromagnetic magnons can be either linearly-or circularly-polarized. However, only circularly-polarized magnon modes, present in antiferromagnets with an easy-axis anisotropy, carry angular momentum, permitting the transport of spin-information 11 . The spin-information of these magnons is carried (anti-)parallel to the equilibrium orientation of the antiferromagnetic Néel vector, n 7 . The propagation of antiferromagnetic magnons can be monitored in an adjacent heavy metal layer acting as the source of detection and of excitation 7, 12 .
The generated signal strength is proportional to ∝ ( ⋅ ) 2 , where is the spin-accumulation in the heavy metal, leading to a maximal efficiency for n||μs. The additional application of an external magnetic field, H, can be used to manipulate the direction of n with respect to μs and also serves to tune the frequencies of the contributing magnons. In particular in an easy-axis (EA) antiferromagnet, H||(EA) leads to the well-known spin-flop transition, with the presence of a soft magnon mode 12, 13 and by which the magnons undergo a transition from circular to linear polarization.
A particularly promising antiferromagnetic material for spin-transport is the iron oxide hematite, α-Fe2O3, an ubiquitous antiferromagnet commonly used in applications as diverse as humidity sensors 14 and photoelectrochemical cells 15 . Beyond these applications, it is also a promising material for spintronic devices, given its low magnetic damping and intrinsic micrometer spin-diffusion length in bulk single crystals 7 . Hematite is also unique for its well-known Morin phase transition (MT) 16 , where it undergoes a transition at a temperature TM from an easy-axis phase along the (0001) c-axis 17 to an easy-plane phase where the magnetic moments lie perpendicular to (0001) (TM ~ 260 K in undoped bulk crystals). While long-distance spin-transport has been studied in bulk hematite 7 , such bulk crystals are incompatible with use in devices. The practical solution would be to utilize thin film antiferromagnets.
However, so far the evaluated spin-diffusion lengths have been found to be too short for useful applications. It is, however, unclear what mechanism is preventing the long-distance transport of magnons in thin film antiferromagnets. In particular, as the low magnetic damping should lead to long spin-diffusion lengths also in thin films, one needs to understand why these have so far not been observed and how one can realize the potential of this materials class in an applications-relevant thin film setting.
In this work, we address these open questions by realizing long-distance magnon transport in a thin film antiferromagnetic system and we identify the mechanisms governing the magnon propagation length by a systematic study. As the materials system, we emply epitaxial α-Fe2O3 thin films grown on sapphire substrates with different surface plane orientations 18, 19 . The magnon propagation is investigated in these films as a function of applied field relative to the magnetic symmetry axes allowing for the extraction of the magnon propagation lengths of the different samples. To unravel the origin of the differences in the observed spin-transport length scales, the antiferromagnetic domain structure of the same films is determined by direct imaging and we identify, in conjunction with theoretical calculations, scattering at domain walls as the governing factor for the propagation. When a charge current flows through the Pt injector of a non-local structure ( Fig. 1a and details in supplemental), a transverse spin current is created due to the spin Hall Effect (SHE) and a spin-bias builds up at the Pt/α-Fe2O3 interface 21 . This spin-bias results in the excitation or annihilation of spinpolarized magnons 7, 22 . The magnonic spin current flowing in the antiferromagnet is then absorbed by a Pt detector, whereby it is converted to a charge current via the inverse SHE. This spin-bias signal can then be expressed as a non-local resistance ( = ⁄ ).
We measured Rel for selected different antiferromagnetic configurations with the magnetic fields in the sample plane, parallel to the wires (which are parallel to x) and out of the plane, along the easy-axis (along z), Fig. 1 . Here, we focus on measurements performed at 175 K, below TM, in the easy-axis phase where we can stabilize and propagate circularly-polarized magnons.
For a field applied along y, perpendicular to the non-local structure, as well as at zero-field, we observe no spin-bias signal arising from the injected spins as in all these cases n μs . On the contrary, maximal We ascribe this enhancement of the transport to the strong induced softening of one of the magnon modes 7, 13, 23 in the vicinity of spin-flop transition and the corresponding increase of the magnon population as the magnon gap is reduced. Below , || , n μs and the signal is suppressed whilst in the transition region around , || , n has a non-zero projection on μs leading to a pronounced contribution to the signal. As the field is further increased ( > , || ), the excited magnons adopt a linear polarization, the magnon gap opens and the signal diminishes.
a) Schematic of the used non-local geometry of platinum wires on top of an antiferromagnetic insulator thin film. The electrical contacts and axes are indicated as well as the relative orientation of the Néel vector (blue) in respectively the easy-axis (T<TM) and easy-plane (T>TM) phases (here assuming an additional threefold in-plane anisotropy). b) Spin-bias signal for
The hysteretic behavior observed, along with the training effect in these (0001) thin films is distinctly different from the behavior found previously for single crystals 7 . We can explain this behaviour by the particular geometry where the field is applied along the easy-axis perpendicular to the surface not previously measured for single crystals. This leads to the formation of non-180 0 domains above the spin-flop transition due to the 3-fold degeneracy of n in the easy-plane phase when H||z. Successive field cycles through the spin-flop transition lead to depinning and annihilation of domains walls, and
given the pronounced increase of the signal this is a first indication that the spin-transport depends on the domain configuration. The domain formation above the spin-flop is dominated by the magnetostrictive interaction, which can be sizeable in hematite 24, 25 , and additionally imperfections of the substrate as the growth seed can have an effect. Such an additional magnetostrictive-induced anisotropy above , || leads to a pinning potential that must be overcome when the magnetic field is lowered thus leading to the hysteretic signal due to hysteretic changes in the domain structure. Beyond this first geometry of the applied field direction, we next apply the field along the wires, H||x (see Fig. 1c ). We also observe a spin-bias signal in this geometry. We note that a spin-reorientation for ⊥ occurs in easy-axis antiferromagnets with a Dzyaloshinskii-Moriya interaction (DMI)||EA 26 , and it is a smooth second-order transition, unlike the hysteretic spin-flop transition at , || 27 . This allows us to draw strong parallels to magnetic field transitions along respectively the hard and easyaxis of a ferromagnet. From zero-field to a critical field , ⊥ , the spins smoothly rotate and tend to align perpendicular to both the external field and the DMI vector (||EA). This leads to a progressive parallel alignment of n and µs , accompanied by the softening of one magnon mode 27, 28 . Similarly to the H||z case, these two features explain the increasing signal up to , ⊥ where n||μs. The signal is furthermore exhibiting a π periodicity of the angle between n and μs (supplemental). Above this critical field of the spin-reorientation, the signal again decreases at large fields due to the emergent linearlypolarized magnons and an opening of the magnon gap 27, 28 . In contrast to the case H||z, no additional domain structure is formed when H||x, as the equilibrium orientation of n is nondegenerate, leading to the absence of any hysteresis or training effects.
A magnonic spin current is transmitted when μs and n are parallel, however, in the (0001) oriented films this requires the application of high magnetic fields. Such fields are impractical and inefficient for applications that make use of antiferromagnetic components, in addition to the problem of the ambiguity of the signal in the "flopped" state for H||EA. Therefore, rather than using magnetic fields to align n and μs, a zero-field projection would be more practical for antiferromagnetic transport applications.
Therefore we next grow (11 ̅ 02) (r-plane) oriented thin films of hematite which exhibit a Morintemperature TM=200 K, (supplementary) and have both a stable surface termination 29 and a zero-field projection of n onto the surface plane. For wires perpendicular to the EA projection (Fig. 2a) , a parallel alignment of n and μs is possible below the spin-reorientation. Thus, we can study potential zero-field transport as a function of external field perpendicular (H||x, Fig. 2b ) and parallel (H||y, Fig. 2c ) to the wires. A significant signal is observed even at zero-field where the magnon polarizations have a nonzero projection on μs . With increasing field the signal increases until n rotates perpendicular to H 30 and the field dependence shows no training effect or hysteresis. The suppression of the signal with increasing field above the spin-flop transition has the same origin as for the previously discussed (0001) growth orientation.
This crystallographic orientation thus highlights that an efficient magnonic transport is possible through a careful choice of geometry, even without an applied field.
The key question is the propagation length, as for device applications, information needs to be transported across sufficient distances. While previously transport in thin film antiferromagnets has 
H||x and c) H||y for two cycles (1,2). There exists a significant spin-bias signal at zero-field that is suppressed at high fields as the Néel order rotates. There is no observed training effect or hysteresis for this geometry. The error bars are the standard deviation of the data points.
only been possible over few nm distances, as shown in Figure 3 , we can transport spins here over µm , allowing us to use a one-dimensional spin-diffusion-relaxation equation to estimate the spin-diffusion lengths in our films 22 . We find for (0001) and (11 ̅ 02) samples for the three selected geometries: , ⊥ = 400 , ,1.5 = 600 , and ,1.5 = 800 , which is two orders of magnitude greater than previous reports for epitaxial 8 or polycrystalline 9 thin film antiferromagnets.
However, one must also note that the distance dependence of Rel at , || cannot be fit with a simple 1D spin-diffusion due to the hysteretic behavior and the observed training effect (inset of Fig. 3a) . Together with the observation that the signal during the hysteretic behavior depends on the field cycling which affects the spin structure, this raises the major open question of the origin of the transport of magnons across distances far larger than previously observed in thin film antiferromagnets. Furthermore, there is the question of why the spin-transport length-scales vary so strongly even within a single material and is not described for all geometries by a simple diffusion model 22 . To analyze the mechanisms that govern the propagation lengths, we consider two factors. The decay of magnons due to magnetic damping leads to an attenuation that is, in the simplest model, independent of the spin structure. Additionally, scattering of magnons is predicted to occur at magnetic domain walls 32, 33 leading to a spin-structure dependent propagation length. To investigate these factors, we performed X-ray magnetic linear dichroism photoelectron emission (XMLD-PEEM) imaging at the Fe L2 edge (details, see supplemental). Whilst the domain structure of the (11 ̅ 02) films at zero-field can be imaged directly, the domain structure in the (0001) films at either , || and , ⊥ cannot be directly observed due to the need for high magnetic fields that cannot be applied during PEEM imaging. However, the type of domain structure at the spin-flop field can be obtained by instead imaging the spin-structure above TM, where the magnetic state is also in the easy-plane and energetically a similar situation is attained 26 . For the (0001) films, we observe in Fig 3b-3d (100 K -300 K) a multi-domain pattern.
Above TM (Fig 3d) we find domain sizes of a few hundred nanometers. When we reduce the temperature, the domain spin structure changes strongly across the Morin transition. Surprisingly, we still measure a contrast from magnetic domains below TM (see Fig 3.b) where the spin-structure should be in the easy-axis phase, and 180° domains should lead to the same dichroic signal and the absence of contrast. We associate this contrast to a distribution of the growth crystallites leading to an off-axis component of n (supplemental). However, we can infer the presence of 180° domain walls below TM from the clear observation in the (11 ̅ 02) films (see Fig. 3 .e) later 34 . . Nevertheless, the domains are expected to be similarly sized and lack degeneracy at , ⊥ , as evidenced by the non-hysteretic transport signal (Fig.1.c) , separated by 180° domain walls.
In the (11 ̅ 02) films, we observe below TM and at zero-field that 180° domain walls separate large single domain areas and the contrast is larger than for the (0001) orientation due to the inclination of the easyaxis. To our knowledge, the clear observation of 180° antiferromagnetic domain walls in antiferromagnetic films has not been reported, although 90° domain walls have been observed 35 . The size of the domains is of the order of many micrometers, an order of magnitude larger than in the (0001) orientation. The (11 ̅ 02) films thus show not only longer propagation lengths than (0001) films but also larger antiferromagnetic domains, highlighting the relation between the domain structure and the spintransport.
To understand this behavior, we discuss the propagating magnonic spin current properties and its interaction with domains and domain walls. The magnons are excited with a broad spectrum of energy and wavevector (k) with an upper limit determined by thermal energy. Within a single domain, the magnon propagation length is mainly determined by spatial diffusion and the magnetic damping.
However, the presence of domain walls can introduce extra dissipation channels through spindependent scattering 32, 33, 36 . This can reduce the propagation length of the magnons and experimentally lead to an attenuation of the signal. At 60° domain walls, such as above , || , magnons scatter due to the Néel order reorientation between the neighboring domains. For circularly-polarized magnons, as in the easy-axis phase of hematite, we develop a simple toy model of the scattering process at a 180° domain wall pinned by a homogeneous distribution of defects acting to fix the orientation of n in the center of the domain wall (model details, see supplemental). From this model, we find that the scattering is significant up to a critical value of the wavenumber, kcrit, which is proportional to the pinning field obtained from the experimental data. For large pinning, all types of AFM magnons can scatter from the domain walls and the propagation length is dominated by the domain size.
This model now allows us to explain the observed transport: with magnetic domains larger than the diffusion length, the magnon transport obeys a 1D diffusive model in the (11 ̅ 02) films. In in the (0001) films, with the presence of many domain walls that act as scattering sites, the signal attenuates over shorter distances where the size of the domains serve to define the characteristic decay length. The small domains previously observed in thin film antiferromagnets 3, 34, 35 thus prove detrimental to the transport of spin information and we highlight here that the functionalization of antiferromagnetic spintronic devices strongly benefits from the absence of antiferromagnetic domain walls.
The transport of spin-information in antiferromagnetic thin films with large magnetic domains can then reach micrometers, as in the best ferromagnetic thin film systems 22 , which opens the way for instance towards the development of antiferromagnetic spin-logic devices 37 . An applied magnetic field can be used to both train the domain structure and control the orientation of the Néel vector in order to facilitate the detection and tune the transport efficiency of magnons. For selected growth orientations, a zerofield projection of the Néel vector can be achieved leading to field free spin-transport. These different approaches to control magnon transports offer multiple routes to the application of antiferromagnets in magnonic devices 37 .
